, Co (2), Ni (3); Ph = C 6 H 5 ) were obtained by grinding. The complexes are mononuclear compounds containing neutral and monodeprotonated phenylphosphonic acid and water as ligands. The crystal structures were determined using powder X-ray diffraction (PXRD) data and validated by extended X-ray absorption fine structure (EXAFS) data. Combined synchrotron XRD measurements and Raman spectroscopy were conducted for investigating the reactions in situ. Based on these data, the intermediates were characterized and the formation mechanism was derived.
Introduction
Metal phosphonates are metal organic compounds containing phosphonic acid ligands. Depending on the coordination behaviour of the phosphonate ligands the structures are typically classified as coordination polymers (CP). 1 Metal phosphonates with one-, two-, and three-dimensional structures are widely studied. [2] [3] [4] [5] [6] [7] Knowledge of molecular metal phosphonates (zerodimensional 0D) is scarce. Recently, the first comprehensive review was published by Goura et al. 8 The research on molecular metal phosphonates is currently of increasing interest with respect to classical applications like catalysis, 9 and the use of their outstanding magnetic properties. [10] [11] [12] Three synthetic strategies are known for synthesising molecular metal phosphonates inhibiting a potential polymerisation: (i) the use of ancillary ligands to block coordination sites, 13, 14 (ii) the use of phosphonate ligands with sterically demanding organic groups, 13, 15 and (iii) the strategy of cluster expansion. 16 Milling reactions are a favourable method for synthesising metal phosphonates with one-and two-dimensional structures. This could be shown from previous work. 17, 18 Mechanochemistry enables the facile formation of compounds with monodeprotonated or neutral phosphonic acid as the ligand.
To shed light on this method and unravel the underlying reaction mechanisms, in situ investigations were developed using X-ray diffraction, 19 Raman spectroscopy 20 and a combination of both the methods. 17 Here, we present the mechanochemical syntheses of isomorphic molecular metal phosphonates [M(II)(HO 3 PPh) 2 -(H 2 O 3 PPh) 2 (H 2 O) 2 ] (M = Mn (1), Co (2) , Ni (3); Ph = C 6 H 5 ). To our knowledge this is the first description of a mechanochemical preparation of 0D molecular metal phosphonates. The complexes are mononuclear and contain neutral and monodeprotonated phenylphosphonic acid and water as ligands. The structures of all three compounds were determined from the powder X-ray diffraction (PXRD) data and validated by EXAFS measurements. The syntheses were investigated in situ using combined synchrotron X-ray diffraction and Raman spectroscopy. Based on these data a reaction mechanism could be proposed.
Experimental section

Chemicals
The following chemicals were used: manganese(II) acetate tetrahydrate ( purum p.a., Fluka, Switzerland), cobalt(II) acetate tetrahydrate (≥98%, Carl Roth, Germany), nickel(II) acetate tetrahydrate (98+%, Alfa Aesar, USA) and phenylphosphonic acid (98%, Acros Organics, USA). All chemicals were used without further purification.
Synthesis of [M(II)(HO
The synthesis was performed in a vibration ball mill Pulverisette 23 (Fritsch, Germany). In a stainless steel vessel the respective metal acetate tetrahydrate and phenylphosphonic acid were added together in a molar ratio of 1 : 4 and a total load of 1 g. Two stainless steel balls (10 mm, 4 g) were added and the mixture was ground at 50 Hz for 15 min. A damp powder was obtained and dried in air. The colour of the powder was white for M = Mn (1), lilac for Co (2) , and yellow for Ni (3) . CHN analysis (calculated value in brackets): (1) C: 39.87% (39.76%), H: 4.11% (4.17%), N: 0.13% (0%), (2) C: 39.77% (39.74%), H: 4.09% (4.17%), N: 0.13% (0%), (3) C: 39.60% (39.96%), H: 4.12% (4.19%) , N: 0.21% (0%).
The syntheses were repeated as LAG (liquid assisted grinding) syntheses which had no effect on the quality of the data. In the case of (3) the LAG synthesis with water was always reproducible, whereas the dry synthesis leads occasionally to a mixture of (3) and an unknown phase, represented by two strong reflections at 8.4°and 9.0°2θ. CCDC 1453153 (1), CCDC 1453152 (2), and CCDC 1453154 (3) contain the supplementary crystallographic data for these structures.
Analytical techniques
Powder X-ray diffraction (PXRD) data for structure solutions for 1 and 2 were collected using synchrotron XRD. The measurements were performed at the MS-Powder beamline (SLS, PSI, Switzerland) in transmission geometry. The powder patterns were collected at a wavelength of λ = 1.000 Å with an exposure time of 30 s. The data were recorded on a solid-state silicon microstrip detector (MYTHEN, SLS, PSI, Switzerland). In the laboratory, PXRD measurements were performed in transmission geometry in the 2θ range from 4°to 60°with a step size of 0.009°using CuK α1 (λ = 1.54056 Å) radiation. The patterns were collected on a diffractometer (D8 Discover, Bruker AXS, Germany) equipped with a LYNXEYE detector and a Johansson monochromator in the incident beam. For structure solution of 3 the measured time per step was 33 s.
The PXRD data were indexed using the program N-TREOR09 implemented in the EXPO2014 software. 21 The structure of 1 was solved ab initio using the RBM, COVMAP and Rietveld routine implemented in EXPO2014 after a default run. The structures of 2 and 3 were solved using the simulated annealing routine implemented in EXPO2014 with the structure motif found for 1. For 2 and 3 minor adaptations of the structure were performed in PowderCell to avoid short O-Odistances. 22 For 2 the Co-O1 bond was elongated from 2.151 Å to 2.178 Å. For 3 the P2 phosphonate group was rotated 5°a round the P2-C7 axis. The final Rietveld refinements were conducted with TOPAS. 23 The EXAFS (extended X-ray absorption fine structure) measurements were performed at the BAMline (Bessy-II, Helmholtz-Zentrum Berlin, Germany). 24 The beam was monochromatised using a double-crystal monochromator (DCM). The size of the beam spot was 4 mm × 1 mm. The measurements were performed at the respective K edge (Mn: 6536 eV, Co: 7708 eV, Ni: 8330 eV) in transmission geometry. The excitation energy was varied from 6436 eV to 7281 eV for Mn, from 7606 eV to 8451 eV for Co, and from 8230 eV to 9075 eV for Ni. The energy step width was 0.5 eV in the near-edge region and 0.04 Å for the k-space in the EXAFS region. For the measurements the samples were mixed with boron nitride and fixed in plastic sample holders. EXAFS data were processed by using ATHENA and ARTEMIS. 25 These GUI programs belong to the main package IFEFFIT (v. 2 ] phases were theoretically modelled and fitted to the measured spectra using ARTEMIS.
The CHN analyses were conducted with EURO EA equipment (HEKAtech GmbH, Germany).
The reactions were investigated in situ using combined synchrotron XRD and Raman spectroscopy. The experiments were performed at the μSpot beamline (Bessy-II, HelmholtzZentrum Berlin, Germany). 26 The setup was reported in detail previously. 17 A vibration ball mill Pulverisette 23 (Fritsch, Germany) was used for the milling experiments. In a 10 mL custom-made Perspex vessel all compounds and two stainless steel balls (10 mm, 4 g) were ground together. The experimental conditions were similar to those described for the syntheses. The XRD patterns were collected using a two dimensional MarMosaic CCD detector (3072 × 3072 pixels and a point spread function width of 73 μm). The exposure time was 30 s per measurement with a delay time of 3-4 s between the two measurements. For processing the scattering images an algorithm of the computer program FIT2D was used. 27 The transformation of the scattering vector (q) to the diffraction angle 2θ for CuK α1 radiation allows a direct comparison with the results of the laboratory PXRD measurements. Raman spectroscopy measurements were conducted on a Raman RXN1™ analyser (Kaiser Optical systems, France) with an excitation radiation at 785 nm. The spectrometer is equipped with a CCD detector (1024 × 256 pixels) and a non-contact probe head (working distance: 6 cm, spot size: 1 mm). The spectra were recorded five times for 5 s and then collected. A new measurement was started every 30 s.
Results and discussion
Syntheses and structure
Compounds 1-3 were synthesised within 15 min by neat grinding. No further cleaning step was needed. The PXRD patterns showed no reflection of the starting materials ( All crystal structures were determined from the PXRD data. The final Rietveld and difference plots are shown in Fig. 1 . The crystallographic data are summarized in Table 1 . The diffraction patterns of the compounds are characterized by the strong (100) reflection at low angles (d approx = 16.1 Å) which can be used for an unambiguous phase identification.
In order to validate the coordination environment around the respective metal ions, EXAFS measurements were performed. The EXAFS data are shown in Fig. 2 in real space and the fit parameters are given in Table 2 . Fig. 3 shows the structure of 1 as an example. Selected bond lengths and angles are given in Tables S1 and S2. † The central metal atom is coordinated by six oxygen atoms in a distorted octahedron (Fig. 3a) . (1)°). All the six coordinating oxygen atoms are from six different molecules; two from water molecules and four from phenylphosphonate ligands. All ligands are monodentate and show a 1.100-coordination mode according to the Harris notation. 29 As a result, the structure consists of isolated metal complexes. There are two types of phenylphosphonate ligands, two neutral and two monodeprotonated phenylphosphonates. The isolated complexes are connected via strong and moderate hydrogen bonds (Table S4 †) . Additionally, there is one internal hydrogen bond in all three compounds between the water ligand (O7) and the phenylphosphonate (O4) ligand. These connections result in a layered structure. The metal complexes form an inorganic layer while the phenyl rings point into the interlayer space. The phenyl rings connect the layers via van der Waals forces. The comparison between the PXRD patterns of the products and the PXRD patterns of the starting materials (Fig. S1-S3 †) show that the conversion is complete. Mn(O 3 PPh)·H 2 O coexists as a side product of 1 in a small ratio most probably because it Fig. 1 Scattered X-ray intensity of (a) 1, (b) 2 and (c) 3 under ambient conditions as a function of the diffraction angle 2θ. The observed pattern (circles), the best Rietveld fit profile (red line), the reflection positions (blue tick marks), and the difference curve (grey line) between observed and calculated profiles are shown. The wavelength is λ = 1.00000 Å for 1 and 2 and λ = 1.54056 Å (CuK α1 ) for 3. The R-values are R p = 3.62 and R wp = 5.81 for 1, R p = 3.91 and R wp = 6.04 for 2, and R p = 4.19 and R wp = 6.00 for 3; R p and R wp refer to the Rietveld criteria of fit for the profile, weighted profile, and structure factor, as defined by Langford and Louer. During the reaction, acetic acid and water are released. The dry milling synthesis is liquid assisted by its side products and the product was always damp after milling.
The structure of 1 could be solved ab initio from the PXRD data. The structures of 2 and 3 were refined based on the structure model of compound 1. The accuracy of the received structures was validated by the EXAFS data. The first and second coordination spheres around the central metals are consistent with the structure determined by PXRD. The root mean square errors for the scattering path are 0.120 Å for 1, 0.370 Å for 2, and 0.132 Å for 3.
The metal to phosphonate ligand ratio of 1 : 4 in the compounds is very rare. Under mechanochemical conditions the reaction can be performed in such a way that the deprotonation of the acid can be kept low. Here, two phenylphosphonate ligands are monodeprotonated and two are neutral phenylphosphonic acids. The charge carrier can be estimated from the P-O bond length and the coordination. Both phosphonate groups contain one long P-O bond about 1.6 Å. This is a common bond length for non coordinating protonated oxygen. It can be concluded that O3 and O4 are protonated. There is one short bond between P2 and O6 (1.503 (8) 18,31-34 Polymerisation was inhibited due to the high number of ligands.
Mechanistic in situ studies
All syntheses were investigated in situ by combined synchrotron XRD and Raman spectroscopy. The time at t = 0 s in the XRD plots represent the mixture of the starting materials without milling. For the Raman spectra only the areas, where differences between the bands of the free phenylphosphonic acid and the coordinated phenyl phosphonate ligands are observable, are shown. The first spectra represent the empty perspex jar. The Raman spectra of the pure products from the lab syntheses, phenylphosphonic acid and the empty perspex jar are given in Fig. S7 . † The bands at about 3050 cm −1 are assigned as ν(CH) vibrations. Their change is most probably a result of the different arrangements of the phenyl rings in the products, as the complex Raman spectrum bands at lower values cannot be assigned. Fig. 4a shows the 2D plot of the in situ investigation of the synthesis of 1 with synchrotron XRD. The synthesis consists of five phases. At t = 0 s phase 1 contains only reflections of the starting materials. The most intense reflections are the (100) reflection at 9.3°for manganese(II) acetate tetrahydrate and the (211) reflection at 20.2°for phenylphosphonic acid. 30 s after the milling started, an additional reflection at 5.9°can be detected, representing an unknown phase ( phase 2). In the next 30 s strong reflections of the final product and weaker reflections of Mn(O 3 PC 6 H 5 )·H 2 O were obtained ( phase 3). The most intense reflections are the (100) reflection at 5.6°and the (010) reflection at 6.1°, respectively. After 1.15 min the reflections of both starting materials vanish (start phase 4). In the following minutes, the reflections of the final product increase, while those of Mn(O 3 PC 6 H 5 )·H 2 O start to decrease. After 6 min these reflections are at their minimum and do not change anymore (start of phase 5). The corresponding Raman spectra are shown in Fig. 4b . After 30 s of milling, only bands of phenylphosphonic acid can be observed. 30 s later these bands decrease rapidly and the bands of the coordinated phenylphosphonate ligand appear. Over the next minute the bands of the free phenylphosphonic acid disappear and the intensity of the coordinated phenylphosphonate ligand bands increase. There are no further changes in the position of the bands until the end of the reaction.
The 2D plots of the in situ investigation of the synthesis of 2 with synchrotron XRD are depicted in Fig. 4c . At the beginning and 30 s after the start, only reflections for both starting materials can be detected ( phase 1). The (011) reflection at 12.8°is the most intense reflection for cobalt(II) acetate tetrahydrate. In the next measurement, the strong (100) reflection at 5.6°indicates the formation of the final product ( phase 2). After 2.15 min of milling, reflections of cobalt(II) acetate tetrahydrate vanish and the formation of Co(O 3 PC 6 H 5 )·H 2 O is verified by the strong (010) reflection at 6.1°(start phase 3). This reflection remains for 90 s. Afterwards reflections of the final product and phenylphosphonic acid can be detected up to 5 min of overall milling time ( phase 4). In the next 10 min only reflections of the final product can be observed. Fig. 4d shows the corresponding Raman spectra of the in situ investigation of this reaction. 30 s after the reaction starts only bands of the phenylphosphonic acid can be detected. One measurement later, small shoulders at the bands of phenylphosphonic acid indicate the formation of the final product in a small ratio. Over the next 4 min the intensities of the bands for the final product increase while those for phenylphosphonic acid decrease but with variability in their ratio. After 5.00 min of milling time only bands of the final product can be obtained. This does not change until the end of the reaction.
The in situ investigation of the synthesis of 3 with synchrotron XRD is represented as a 2D plot in Fig. 4e . From the beginning up to 2.45 min of milling time, only reflections of both starting materials can be detected ( phase 1). For nickel(II) acetate tetrahydrate the (011) reflection at 12.9°is the most intense reflection. 30 s later the (100) reflection at 5.6°indi-cates the formation of the final product ( phase 2). The existence of an unknown intermediate is proved by the two reflections at 7.9°and 9.5°. The reflections of the starting materials vanish after 5.30 min of milling (start phase 3). 30 s later the two reflections of the intermediate vanish too ( phase 4). The intensity of the reflection at 5.6°increase over the next minutes and more reflections of the final product appear but no other compounds can be detected until the end of the reaction. The corresponding Raman spectra are depicted in Fig. 4f 17 In the in situ investigation of the synthesis of 3 with synchrotron XRD, no reflections of the 1 : 1 compound (Ni(O 3 PPh)·H 2 O) can be detected. In contrast to the much faster syntheses of compound 1 and 2 the final product cannot be detected up to 2.45 min. Simultaneously an unknown intermediate is formed, indicated by two reflections at 7.9°and 9.5°. These two reflections appear more in mechanochemical synthesis with a metal salt and phenylphosphonic acid, for instance in the mechanochemical synthesis of Co(O 3 PPh)·H 2 O. This is most probably an isomorphic metal phenylphosphonate structure which is formed intermediately or a polymorphic crystal structure of phenylphosphonic acid itself.
In the in situ investigations with Raman spectroscopy a change from phenylphosphonic acid to coordinated phenylphosphonate ligands can be observed. No intermediates can be detected. The time scale of the reaction is similar to the time scale found with the synchrotron XRD.
In all syntheses the thermodynamically less stable product is formed in the end, even in those cases where the reflections of the more stable product are observable intermediately. This makes the molar ratio of the starting materials the main directing factor. The control of the product of mechanochemical reactions by varying the stoichiometric ratio is a known strategy. 18, [31] [32] [33] [34] The interaction of both factors, the thermodynamic stability and the ratio of the starting material, leads to the obtained reaction paths. Reflections of one unknown intermediate could be detected and all other compounds could be identified. Also in the Raman measurements no other intermediates like mixed salts or amorphous phases are observable. As described the syntheses are liquid assisted by their side products. In liquid assisted grinding syntheses the diffusion rate is higher than in the dry ones. Based on these results, a diffusion mechanism is the most probable one. This mechanism is based on thorough stirring of very small solid particles. 35 First, only the reflections of the starting materials can be detected. After reflections of the products and intermediates appear, their intensity increases over a certain time whereas the intensity of the reflections of the starting materials starts to decrease. The concurrent increase and decrease shows that the diffusion mechanism provides the best explanation for these straight-lined reaction pathways. The same behaviour is observed for the intermediate reflections. First their intensity increases and then it starts to decrease while the intensity of the reflections of the product increases.
Conclusions
A new technique for synthesising 0D mononuclear molecular metal phenylphosphonates is presented. With reaction times below 10 min the syntheses are unexpectedly fast and lead to the formation of pure products. The structures of the three complexes were determined and described. A diffusion mechanism was shown to be the most probable reaction mechanism based on in situ measurements (PXRD and Raman spectroscopy). The process described could be used for the synthesis of other molecular metal phosphonates. This provides new opportunities to develop multifunctional materials for applications related to the catalytic and magnetic properties. The synthesis is fast, facile, scalable, and environmentally friendly and has strong potential for industrial applications.
